This paper presents a longitudinal study observing people's use of windows in mixed mode cellular offices, and sets out to identify factors other than air temperature, that have a significant influence on window operation. The work focuses on the final position of the window at the end of the working day.
Introduction
In non-air-conditioned buildings, occupants are able to adjust their indoor environment by using available adaptive opportunities such as opening a window or adjusting clothing [1] . Most studies in this field focus on occupants' operation of windows, since the window connects the internal and external environments and has a significant impact on both the environmental conditions of a building and occupants' thermal comfort expectations in it [2] .
Existing studies on occupants' window operation in office buildings mainly aimed to build a correlation between occupants' window behaviour and their surrounding thermal environment.
Therefore, environmental factors such as indoor air temperature [3, 4] or outdoor air temperature [5] [6] [7] [8] or a combination of them [9, 10] were proposed to be the main 'driver(s)' for occupants to open/close their windows. In addition, some non-environmental factors were also identified to have an influence on the window state, such as the previous window state [6, 10, 11] , time of day [6, 10, 11] , occupancy pattern [6, 10] , season [6] , floor level [10] , personal difference [4, 9, 10] and building orientation [7] .
However, most above studies focus on occupants' window use during working hours, and therefore, "the behaviour of the occupants' towards night ventilation is generally poorly understood." [12] .
This study focuses on the end-of-day window position that directly influences the use of night ventilation in non-air-conditioned buildings. Existing studies on occupants' window behaviour at the end of the working day were mainly based on thermal factors such as indoor [3] or outdoor air temperature [6, 10] , and these have generated useful models for use in building simulation. However, it is also possible that there are other factors that could affect this behaviour, and understanding of these issues is less well developed. Individual occupant behaviour or the behaviour of a particular group of individuals within a building population may vary. Furthermore, people's determination of their endof-day window positions could also be dependent on times of year, or season. Developing a better understanding of these non-environmental factors could influence decisions about building layout, systems design, building control and occupant education. This paper investigates the significance of a number of these non-environmental factors on a case study building in the UK.
Building Description
This study was carried out in the building that houses the School of Civil and Building Engineering at Loughborough University, UK (52°45'54''N, 1°14'15''W, alt.70m). Figure 1 depicts the Southwest façade of the building, and shows a typical office. The building is an 'L' shape with cellular offices around the perimeter, all of which have nominally the same floor area (10.2m 2 ). Each window shown in Figure 1 belongs to an individual office. Although the outside of the building is curved, there are essentially only two facades, one facing Southwest and one Northwest. The exterior of the building is covered by a mesh, which is designed to both shade the façade and provide a degree of security on the ground floor, allowing windows to be left open with reduced risk of theft. Each office has a door opposite the window, the door opening onto communal spaces on each of its three floors, with all floors connected via a full height atrium. Typical office occupation is nominally 9:00am-5:00pm, with each office being occupied by the same person hence promoting a sense of 'ownership' of each office by its occupant. Occupancy varies significantly between individuals throughout the year, due to several factors that include teaching, research meetings and off-site visits. Often, absence from, and presence, in the office are not routine and at particular times in the year the building occupancy decreases, most notably in August, which is when most staff have less commitments and hence is a popular period to take a summer vacation. Over the winter holiday break in December/early January, the building closes for about 10 days.
Each occupant has sole control over the environmental conditions in his/her office and typical adaptive opportunities are: window and door position, a window blind position and temperature control for a dedicated radiator (operative during the heating season). The building is mixed mode, supplying additional ventilation in the summer through swirl vents mounted in the floor of each office. Heating during winter is provided by a hydronic heating system, serving each office, and typically is switched on during the first week in October and switched off at the end of April, with some variation due to ambient temperature and work scheduling of the estates staff. The heating switch-on period usually coincides with the end of the daylight saving period in the summer months, when the UK operates on Greenwich Mean Time (GMT) +1hr.
Method
The aim is to investigate whether non-environmental factors could influence window behaviour in the building, with a focus on the end-of-day window position due to its influence on overnight ventilation and hence on building thermal performance and energy use the following day.
A case study approach was selected so that occupant presence, activity and other data could be observed and monitored in detail over a significant period. Data were gathered over three 'seasons', accounting details about the building heating operation and daylight saving in the analysis.
Many surveys investigating window behaviour have been carried out using differing numbers of individuals: Haldi and Robinson [10] collected their data from 14 south-facing offices located on three floors and occupied by either one or two occupants; Yun and Steemers [11] carried out their study in 6 offices with differing numbers of occupants, night ventilation strategy, building type, window orientation and window type. The challenge for these studies was to understand the limitations of the data and minimise confounding factors to establish the significance of the results. The work reported in this paper is based on 36 offices, and 36 occupants. A systematic approach has been adopted here to analyse the data, eliminating the effects of the key environmental factors and then to explore the nonenvironmental effects on window position by using subsets of the data. As a result the data are presented in three principal sections that i) identify the dependence on outdoor air temperature; ii) explore the effects of the non-environmental factors; and finally, iii) explore the classification of the data by personal preference. In each section, the details of the analysis approach taken are presented, together with a set of results and a discussion. The remainder of this section describes the detail of the data collection method and the notion of the 'sample-day', which is a fundamental unit on which the analysis is based.
Data collection
A total of 36 offices and the associated office occupants participated in the study. Three observation periods were defined and these were classified by season as summer, transitional (or swing), and winter. Table 1 gives the precise dates for the data collection together with other key dates in the operational cycle of the building. It should be noted that the actual sequence of the observation periods was summer -winter -transitional, taking place over two years. There is an overlap between the winter and transitional periods. This is because the winter period is defined here as the period when the heating system is on and the national time is set to GMT. The summer period is defined as the period when the heating system is off and the national clocks are set to daylight saving. One month either side of the daylight changing was considered to be the transitional period, and the data for this period was purposefully collected either side of this point. shown to give measurements within 0.2K. Weather data were recorded using a Delta-T WS-GP1
weather station located on the roof of the case study building.
Due to the flexible working hours, to determine occupants' presence and end-of-day window positions, the approach was personal observation by the experimenter. The observations were carried out at three times every day: 10:00am, 11:30am and 3:00pm, which maximised the chance of capturing presence. If occupancy was observed at any of these times, then occupant presence for that working day was recorded. The end-of-day window position (or window position on departure) of each office was noted by a further observation at 8:00pm when most occupants had vacated the building (on a typical day).
In the case study building, most departures from the work place occurred between 3:00pm and 6:00pm
and hence the outdoor air temperatures at these times were recorded. Averaging these values (the difference of temperatures at these two time points is typically less than 2K) gave a good estimate of the external air temperature at the time when occupants would have left their offices for the day, and this is the value of outdoor air temperature used throughout the analysis (the same as for the analysis of indoor air temperature).
Calculation of sample-days
The analysis throughout has been based on the notion of a 'sample-day'. Each seasonal observation period was made over a number of days, n . The sub-scripts, w n , s n and t n denote the total number of days of observation in each of the winter, summer and transitional (swing) seasons, respectively. A sample-day is defined as the number of potential opportunities for any window under observation to be found either opened or closed at the end of any one day during the observation period; an office must be occupied at some points during the day to provide actuation of the window; hence if an office is occupied for 3 days out of 5, the sample-day count for that period would be 3. There is no distinction made between one office being occupied for 2 days and 2 offices being occupied for only one day; both would yield a sample-day count ( ' n ) of 2. The sample-day count has been used to calculate a value for φ , defined as the proportion of windows left open on departure, using,
where ' The outdoor air temperature, ao t , has been demonstrated to be a strong indicator of window operation in a number of studies [5] [6] [7] [8] [9] [10] as well as this one, and so has been adopted here as the driving variable against which φ is plotted in all cases.
Results
Sub-sets of the total seasonal sample-day data set were used to analysis individual factors of interest (occupant gender, floor level etc.). In order to estimate confidence in the results, the sample-day data were classified by binning the data in discrete 2K intervals of ao t , as used by other researchers [13] .
Each temperature bin contained at least 30 sample-days and at least 80% of the people in the study were represented in each bin.
Dependence on outdoor air temperature
To compare window opening behaviour with previous studies that related this to outdoor air temperature, the data points in the left hand plot of Figure 2 show the relationship ) ( ao t f = φ observed in the study; the mean bin value for ao t is used and the 95% confidence intervals are calculated by the Adjusted Wald Method [14] . This demonstrates that the proportion of windows left open on departure is generally proportional to the outdoor air temperature, as expected. The solid line overlaid on these data is the output from a logistic regression model given by,
where the coefficients a and b are estimated using maximum likelihood (for the model presented in It can be seen that the observed behaviours from all three studies are broadly similar in terms of their relationship with ao t . This provides evidence that the building under observation in this study is not significantly different from other buildings. One important difference, however, is that both Rijal et al. and Haldi and Robinson published observations based on window operation during normal working hours, as opposed to the end-of-day when people are departing the work place, as is the case in this study. It might be expected, therefore, that a higher probability of windows being closed at the end of the day would be observed.
The influence of non-environmental factors
Non-environmental factors that could potentially impact on end-of-day window positions were placed into five classifications as shown in Table 2 . The classification introduced here provides a framework, within which window use behaviour can be investigated. It is entirely conceivable that an individual's personal preferences and habits, which have developed over a lifetime of social interaction and experience of living with a particular physiology,
can have impact on their behaviour [15, 16] ; the operational management of the work place has the potential to influence where people are located in the building and to determine the nature, type and freedom to follow own work preferences and dictate movement from workspaces, and absences from the office [17] ; the design of the building itself has an impact on the environmental factors to which individuals are exposed [18, 19] ; season will affect many factors in a naturally ventilated or mixedmode building such as the indoor environment [20] , occupants' thermal comfort [21] , clothing insulation [22] and occupants' window use during the daytime as well [6] , and could therefore affect 
Seasonal effects
The sample-day count from the male-occupied offices on the first and second floors, from both facades was utilised to maximise the available data (avoiding any potentially confounding effect of gender and the ground floor). Data from summer and winter were used to compare the seasonal differences. In order to remove the effects of outdoor air temperature, the same temperature bins from each season were compared and are shown in Figure 3 . The number of sample-days in each outdoor air temperature bin in Figure 3 is small and hence there is a degree of uncertainty in the data, characterised by 95% level confidence intervals included on the plot. However, the differences between summer and winter, which are bigger than 10%, appear significant (Wald = 13.067, P-value = 0.000).
Reasons for the behavioural difference between summer and winter times could be that people use windows less in winter than in summer during the working day, which has been observed by Herkel et al. [6] . There may also be influences from the reduction in the number of daylight hours; during winter in the UK it is often dark when leaving the work place. There could be a degree of energy consciousness amongst the building occupants giving them a propensity to shut windows. Whilst this discussion is largely conjecture, the important point that has been demonstrated is that it is not just the environmental conditions that affect behaviour -other factors influence people and these influences can affect the operation of a building. 
Change of daylight saving time
Many countries, including the UK, operate daylight saving time, and so the effect of this change on the end-of-day window position was investigated. The transitional season data were used, comprised of data recorded three weeks prior to, and three weeks after, the change from daylight saving time (GMT +1hr) to GMT that takes place during October. The building heating system was on during this time.
To isolate any effects from the potential confounding issue of radiant field, additional globe temperature measurements were made in a subset of the offices to identify whether there were any changes to mean radiant temperature in the space due to the 'earlier' onset of darkness affecting glazing surface temperatures. The results showed that the difference between the indoor air temperature and the globe temperature was within ±0.3°C for more than 99% of the samples (confirming close agreement between internal air and globe temperatures), and indicated that the change from daylight saving time did not induce a change in thermal comfort conditions in the offices. The data were tested for the same binned temperatures as given in Figure 3 , but the differences between the GMT and the (GMT+1) data were less than 10%, these differences having no statistical merit (Wald = 0.365, P-value = 0.545).
Occupant absence in subsequent days
It was postulated that if an occupant knew he was going to be absent from the office for one or more days, then that might affect his end-of-day window closing behaviour, the day before the absence. Data collected from the male occupants on the first and second floors were therefore filtered to create two batches: one where each occupant was present in his/her office the following day, and the second where each occupant was absent the following day. Again, the data for both summer and winter were tested in a similar manner to the data shown in Figure 3 , and no statistically significant result was found for this factor: comparing 'a normal day with presence the following day' to a 'normal day and absence the following day' was less than 5% for a given temperature range for both summer and winter times (for summer: Wald = 0.243, P-value = 0.622; for winter: Wald = 0.541, P-value = 0.462).
Zhang & Barrett [23] proposed that the window/façade orientation was another factor influencing occupants' window behaviour during working hours, due to effects from the solar radiation and prevailing wind direction. In our investigation of the case study building, however, no significant behavioural differences were found due to façade orientation during the summer time (Wald = 1.138, P-value = 0.286).
Floor level
Haldi and Robinson [10] proposed that occupants' window behaviour on departure on the ground floor is significantly different from those on other floors in a building. The data from our study support this conclusion as shown in Figure 4 It has been difficult to isolate the effects of these influences, and therefore, the conclusions drawn are that the ground floor in this building does influence window use and this appears to be caused by a combination of the indoor air temperature and potentially to a feeling of 'security', based on our observations and observations of others [10] .
Gender
Considering the offices on the first and second floors only (avoiding any potentially confounding effect of the ground floor), 8 female and 18 male subjects were available for the study. Although the number of women is small, the possibility of gender as a significant factor was considered worthy of exploration. Figure 6 depicts the results: gender appears to have a significant impact on the window position at the end of the working day (for summer: Wald = 69.385, P-value = 0.000; for winter: Wald = 17.879, P-value = 0.000). Figure 7 gives ) ( ao ai t f t = and there is little difference between the internal air temperatures in the offices, and hence the internal air temperature can be considered to have no influence on this result. Previous behavioural studies support the finding that occupants' behaviour in buildings can be genderdependent. Schweiker et al. [24] had suggested that occupants' window opening behaviour differs between male and female occupants in residential buildings, based on data measured in Japan. Fishman and Pimbert [22] proposed that, in commercial buildings, women had greater flexibility choosing their clothing insulation than men, therefore, they were able to be more tolerant of higher temperatures.
Andersen et al. [25] also found that gender had effects on both use of windows and lights in Danish homes. Karjalainen [26] conducted a quantitative interview survey to analyse occupants' use of thermostats in homes, offices and in a university. Significant gender difference in the use of thermostats (females used thermostats less in households than males did) was identified in that study. has a significant impact on building operation and performance.
Personal preference
It was observed that there were differences in end-of-day window positions between individual occupants for both summer and winter periods: some windows were rigorously closed at the end of almost every day, whilst others would be left open across a very large range of temperature conditions, particularly apparent during the summer observation period. Differences such as these have been observed by researchers before in the summer time operation of windows at the arrival and intermediate periods of the working day [4, 9, 10] . In those studies, window users were termed 'active', Based on the summer data gathered in this study, an attempt has been made to define these classes based on a notion of mean outdoor air temperature ( ao t ) and by threshold setting (θ ). The approach can be repeated for other studies, so that the observed behaviours can be compared.
The mean outdoor air temperature (end-of-day) during the survey period was calculated as C tao°= 4 . 19 . The sample-days with an air temperature above this were selected to identify to which classification each individual, α , belonged. The challenge is to determine the value of the thresholds used to differentiate between the classes of users. To do this, symmetrical thresholds, θ , were used and the following rules were applied: 
applying the rule IF 
Leave Open
Habitually Close Adjust Threshold Threshold Figure 9 shows the difference in behaviour between these types of window users for the summer time (Wald = 128.526, P-value = 0.000) using the above classifications, based only on the male subjects on the first and second floors of the building (avoiding any potentially confounding effects of both gender and the ground floor). The indoor air temperature on departure for offices occupied by different types of window users was also checked, and the difference was found to be very small: the mean difference between 'Leave Open' and 'Habitually Close' groups was 0.2K, with maximum difference of 0.3K.
Therefore, this behavioural difference is proposed to be caused by individuals' personal preference, as the influences from confounding factors, such as occupant gender, floor level, indoor air temperature etc., had been eliminated in the analysis. However, whether these actions are due to intent, habit or forgetfulness is difficult to determine, but clearly a bias of one of these groups in a building could have a significant impact on the building thermal and energy performance, particular for individual offices. 
Overall discussion
The preceding analysis suggests that gender, floor level, and personal preference all influence the endof-day position of windows in addition to the environmental conditions. Gender and floor level use the classification of groups within the whole building population. Personal preference, however, uses the observed characteristics of the individual to make the classification. People of either gender, or who are members of a particular floor, were placed into the groups: 'Leave opener', 'Adjuster' or 'Habitual Closer', for the summer period, and the distribution of types of user behaviour is shown to be Leave opener Adjuster Habitual closer dependent on both floor level and gender. In Table 3 (left), the distribution of different types of users for male occupants working on different floors is shown, where a higher proportion of 'Habitual Closers' could be found on the ground floor, compared with that on upper floors. This is thought to reflect issues over security or temperature stratification, discussed previously. Table 3 (right) shows the distribution of different types of users for female and male occupants working on non-ground floors, respectively, and suggests that the females observed in the study tended to be largely 'Habitual Closers'. 
Conclusions
The end-of-day window position is a key factor that can influence the energy and thermal performance of a naturally-ventilated or mixed-mode building for the following day, as well as during the unoccupied night-time period. In this paper, these window positions were observed over three seasonal periods (summer, winter and transitional) and the relationship between the end-of-day window positions and the outdoor air temperature was derived. It was established that the window behaviour within the building featured in this study was similar to those of other buildings published by other researchers. It was found that for the building studied, some non-environmental factors were observed to have a significant effect on the end-of-day window position, over and above the ambient air temperature:
• Season appears to affect the end-of-day window position. Differences were observed between the summer and winter periods and comparisons were made when the outside air temperature was the same. The reasons for this are unclear, but might be related to more regular or habitual closing of windows in the cooler days in the winter period, cooler night temperatures causing over-cooling of the room at night. Other effects may possibly be due to differences in numbers of daylight hours, or a prevalence of a more energy-conscious attitude in winter.
• Being located on the ground floor seems to influence the end-of-day window position, and as observed in other studies. This could be related to security issues, whether or not it is a perceived or real risk.
• Gender also appears to affect the end-of-day window position, with females more likely to close their windows at the end of the working day, compared with males.
• Personal preference plays a role in determining the end-of-day window position, and the distribution of types of window users is dependent on both gender and floor level.
• Daylight saving practices, occupant known absence the following day and window façade orientation showed no statistically significant effect on end-of-day window positions, for the occupants and building investigated.
The main outcome of this investigation is that there appears to be sufficient evidence to suggest that non-environmental factors may well play a role in determining the end-of-day window position, and that this merits further investigation. Should this be confirmed, there are important implications for the modelling of occupant behaviour in building simulations, as well as the possibility of incorporating occupants as unwitting agents in the management of building thermal and energy performance.
